A for the future EBIT experiment with electron density n e = 10 12 cm −3 and electron beam energy E e = 18.2 keV.
Introduction
Tungsten (W) and its alloy had been used as the armor plate material for the plasma facing component in the divertor region of ITER (International Thermonuclear Experimental Reactor Tokamak) and the other magnetic confinement fusion reactors because of their high melting point, low sputtering yield, and low tritium retention rate [1, 2] . However, tungsten impurity ions might be produced during the plasma-wall interaction in the edge and then they might be transported to the high-temperature core plasma region. In the core plasma, these tungsten impurities can be ionized further to highly charged ions and radiate high energy photons. Therefore, the large radiation loss can be caused by these highly charged tungsten impurity ions, which will lead to the plasma disruption if the relative concentration of W ions in the core plasma is higher than about 10 −5 [3] . Monitoring and controlling the flux of the highly charged W impurity ions are crucial to the success of the fusion [4] . Thus a thorough knowledge of the atomic properties of tungsten ions were strongly needed by the magnetic confinement fusion research. Furthermore, the spectra of tungsten impurity ions observed from the fusion plasma also provide plenty of important information about the fusion plasma parameters such as electron density, electron temperature, and ion temperature. Therefore, it can also be used to diagnose the plasma.
There are many research works related to the energy levels and transition properties of tungsten in various ionization stage in the past several decades [5] [6] [7] [8] [9] [10] , where only a few studies have focused on W 54+ ion [11] [12] [13] [14] [15] [16] [17] . Y. Ralchenko et al. used the electron beam ion trap (EBIT) to observe the M1 spectrum from 3d n (n=1-9) ground state fine structure multiplets of Co-like W 47+ to Klike W 55+ ions and a non-Maxwellian collisional-radiative model (CRM) was used to analyze the observed spectrum [17] . U. I. Safronova and A. S. Safronova calculated the wavelength and transition rates of the magnetic dipole (M1) and electric quadrupole (E2) transitions between the multiplets of the ground state configuration ([Ne]3s 2 3p 6 3d 2 ) of W 54+ ion by using relativistic many-body perturbation theory (RMBPT) [15] . P. Quinet used a full relativistic Dirac-Fock method to calculate the line wavelengthes and transition rates of the forbidden transitions within the 3p k (k=1-5) and 3d n (n=1-9) ground state configuration multiplets from Al-like W 61+ to Co-like W 47+ ions [16] . Dipti et al. calculated the excitation energies and the electron collisional excitation cross sections of Ca-like W 54+ ion by relativistic distorted wave theory [12] . C. F. Fischer et al. found the core correlation is very important for the transition energies of 3d k configuration in tungsten ions [18] .
T. Lennartsson [11, 19, 20] . The results are in reasonable agreement with available experimental data for both M1 and E1 transition lines.
Several strong E1 transitions have been predicted. Some of these strong transitions are in good agreement with the observation from the EBIT, while others
were not observed even in the similar wavelength range with similar transition rates. And some transitions with wavelength in 18.5-19.6Å are suggested to be observed in the future experiment.
The present paper focuses on the explanation of the E1 transition spectrum of W 54+ ion from the EBIT with the electron density n e = 10 12 cm −3 and the energy of electron beam E e = 18.2 keV by CRM. The present paper is constructed as follows. In section 2, the theory of CRM and the calculation of the necessary atomic data are described. The result of the present calculation and the discussion are given in Section 3. Finally, the conclusion is presented in section 4.
Theoretical method
The CRM is one of the most useful simulation methods for the spectrum from the optically thin and isotropic plasma. It has been widely used to study the spectrum of highly charged ions in X-ray, VUV and visible region [21] [22] [23] . In order to carry out the analysis of the fine structure of the spectrum, a detailedlevel CRM should be used [22] [23] [24] [25] .
The spectral intensity I i,j (λ) of a transition from the upper level i to the lower level j with wavelength λ can be defined as:
where A(i, j) is the transition rate for the transition from the energy level i to j, which can be obtained by experimental observations or by accurate theoretical calculations. The function φ(λ) is the normalized line profile, which was taken as a Gaussian profile to include the effect of Doppler, natural, collisional and instrumental broadenings in the present work. The notation n(i) is the population of the ions in the excited upper level i, which was determined by the detailed atomic physics processes in the plasma, e.g., spontaneous radiative transitions, collisional excitation and deexcitation, collisional ionization, radiative recombination and three-body recombination etc.. These atomic processes can be calculated by using an appropriate theory.
For the plasma in the EBIT, which is in low electron density and the energy distribution of the free electron is almost mono-energy, the radiative recombination, three-body recombination, electron collisional ionization, and dielectronic recombination processes are expected to be negligible in this situation. Only the electron collisional excitations, deexcitations, and spontaneous radiative transitions processes will determine the population n(i) of the excited upper level i.
For a specifically excited level i, the temporal development of the population n(i) can be obtained by solving the collisional-radiative rate equations:
where n e is the electron density of the plasma, C(i, j) and F (j, i) are collisional excitation and deexcitation rates coefficient from the level j to i, respectively.
These rate coefficient can be calculated by convoluting the cross section of the collisional (de) excitation processes with the free electron energy distribution function, which can be assumed as Maxwellian distribution, for the plasma in local thermodynamic equilibrium (LTE) with the electron temperature T e .
However, the electron energy distribution in the electron beam of the EBIT is more like mono-energy distribution function instead of Maxwellian distribution. Thus, the rate coefficient for the atomic processes in the EBIT may be calculated by taking the electron energy distribution as the δ function. These rate equations are solved under the Quasi-Steady-State (QSS) approximation,
i.e., dn(i)/dt = 0. Finally, the intensity I i,j (λ) of the specific transition can be calculated when the population n(i) of the upper level i of the transition is obtained.
Because the W 54+ ion is a heavy highly charged ion, the relativistic effects will play an important role in the energy level structure and transition proper- the open 3d subshells. Therefore, the relativistic and electron correlation effects should both be taken into account in the theoretical calculation. The present calculation is performed by using the relativistic configuration interaction (RCI) method with the implementation of FAC packages [26] . The atomic data including the energy levels, radiative transition rates, and cross sections of collisional (de) excitation are calculated. The collisional deexcitation process is the inverse of collisional excitation process. Therefore, the collisional deexcitation rate coefficient can be calculated by the principle of detailed balance from the corresponding electron collisional excitation process. In the present calculation, most of the important configuration interaction are included by single and dou-configuration 3p 6 3d 2 , 3p 5 3d 3 , 3p 6 3d4l are included to simulate the spectrum of W 54+ ion.
Result and discussion
The level energies (in eV) of the ground state 3p 6 3d 2 and the first excited state 3p 5 3d 3 multiplets of W 54+ ion were presented in Table 1 . The levels are sorted by their excitation energies. There are 9 levels in the ground state According to the present calculation, the wavelength of E1 transition from the first excited state 3s 2 3p 5 3d 3 to the ground configuration state 3s 2 3p 6 3d 2 covered the range of 18.5-32.5Å. The strong transition with large transition rates was concentrated in two wavelength range 29.5-32.5Å and 18.5-19.6Å.
The transition wavelength λ (inÅ), transition rate A (in s −1 ), population n(i) and intensity I ij (λ) of E1 transition from 3s 2 3p 5 3d 3 to 3s 2 3p 6 3d 2 of W
54+
ion are presented for a wavelength range from 29.5-32.5Å in Table 2 . The experimental value observed by EBIT and the theoretical values from FAC [26] and MCDF [11, 12] are also included for comparison. The present calculation agrees quite well with the experimental data and other theoretical values. The wavelength discrepancy between T. Lennartsson et al. [13] by experiment, Dipti et al. [12] and Ding et al. [11] by MCDF method, T. Lennartsson et al. [13] by FAC calculations and the present calculation are about 0.25%, 0.14%, 0.11% and 0.07%, respectively. All the observed transition lines from the EBIT experiment were identified in the present calculation. It was found that the observed transition lines in the EBIT experiment have large transition rates. However, a few transitions in this range with large transition rates have not been observed in the previous EBIT experiment, such as transitions with the key 7, 8 and 9.
The reason is the population (Pop) of the excited upper levels of these unobserved transitions is extremely small. The results show that the intensity (Int) of the unobserved transitions are generally smaller by four orders of magnitude than the intensity which could be observed. The intensity might be changed with the plasma conditions. It can be expected that these unobserved strong transitions might be observed by the appropriate plasma condition.
The synthetic spectrum of W 54+ ion in the wavelength 29.5-32.5Å is shown in Fig. 1 . Each individual transition was assumed to have the Gaussian profile with full width at half maximum (FWHF) 0.09Å. The upper part Fig. 1(a) is the spectrum obtained by convoluting the transition rate, while the middle part Fig. 1(b) is the spectrum by considering the population of the upper level in the EBIT case with the electron density n e = 10 12 cm −3 and the energy of electron beam E e = 18.2 keV. All 7 peaks observed by the experimental observation [13] can be reproduced by the synthetic spectrum. The lower part Fig. 1(c) is the spectrum by considering the excited upper levels in the LTE plasma with the electron density n e = 10 15 cm −3 and the electron temperature T e = 18.2 keV, and the electron energy distribution is Maxwellian. The results indicate that all the strong transition lines are observable under this plasma condition. The large difference between Fig. 1 (b) and (c) Å . The synthetic spectrum of W 54+ ion in this wavelength range was shown in Fig. 2 . All the peaks were obtained with FWHM = 0.05Å for each individually transition to make the spectrum clear. The upper part Fig. 2(a) is the spectrum obtained by convoluting the transition rate with the Gaussian profile.
The middle part Fig. 2(b) is the spectrum by considering the population of the upper levels in the EBIT case with n e = 10 12 cm −3 and E e = 18.2 keV. According to the synthetic spectrum there are only 3 peaks that would be observed in the EBIT experiment with this condition, namely, the transition lines with key 1, 5, and 20 in Fig. 2 
Conclusion
The energy level, E1 transition rate, and electron collisional excitation of the ground state 3s 2 3p 6 3d 2 and the first excited state 3s 2 3p 5 3d 3 of W 54+ ion were calculated by relativistic configuration interaction method. A collisionalradiative model (CRM) was constructed to simulate the E1 transition spectrum for the EBIT and the LTE plasma. All the necessary atomic data for constructing the CRM was calculated by FAC packages. The most important configuration interaction effects were taken into account. The energy levels and transition rates made a reasonable agreement with the EBIT experimental observation and the previous theoretical values. The synthetic spectrum from the EBIT observations. Finally, the difference of the spectrum in different plasma condition was observed and explained.
